The composite human microbiome of Western populations has probably changed over the past century, brought on by new environmental triggers that often have a negative impact on human health 1 . Here we show that consumption of a diet high in saturated (milkderived) fat, but not polyunsaturated (safflower oil) fat, changes the conditions for microbial assemblage and promotes the expansion of a low-abundance, sulphite-reducing pathobiont, Bilophila wadsworthia 2 . This was associated with a pro-inflammatory T helper type 1 (T H 1) immune response and increased incidence of colitis in genetically susceptible Il10 2/2 , but not wild-type mice. These effects are mediated by milk-derived-fat-promoted taurine conjugation of hepatic bile acids, which increases the availability of organic sulphur used by sulphite-reducing microorganisms like B. wadsworthia. When mice were fed a low-fat diet supplemented with taurocholic acid, but not with glycocholic acid, for example, a bloom of B. wadsworthia and development of colitis were observed in Il10 2/2 mice. Together these data show that dietary fats, by promoting changes in host bile acid composition, can markedly alter conditions for gut microbial assemblage, resulting in dysbiosis that can perturb immune homeostasis. The data provide a plausible mechanistic basis by which Western-type diets high in certain saturated fats might increase the prevalence of complex immunemediated diseases like inflammatory bowel disease in genetically susceptible hosts.
The composite human microbiome of Western populations has probably changed over the past century, brought on by new environmental triggers that often have a negative impact on human health 1 .
Here we show that consumption of a diet high in saturated (milkderived) fat, but not polyunsaturated (safflower oil) fat, changes the conditions for microbial assemblage and promotes the expansion of a low-abundance, sulphite-reducing pathobiont, Bilophila wadsworthia 2 . This was associated with a pro-inflammatory T helper type 1 (T H 1) immune response and increased incidence of colitis in genetically susceptible Il10 2/2 , but not wild-type mice. These effects are mediated by milk-derived-fat-promoted taurine conjugation of hepatic bile acids, which increases the availability of organic sulphur used by sulphite-reducing microorganisms like B. wadsworthia. When mice were fed a low-fat diet supplemented with taurocholic acid, but not with glycocholic acid, for example, a bloom of B. wadsworthia and development of colitis were observed in Il10 2/2 mice. Together these data show that dietary fats, by promoting changes in host bile acid composition, can markedly alter conditions for gut microbial assemblage, resulting in dysbiosis that can perturb immune homeostasis. The data provide a plausible mechanistic basis by which Western-type diets high in certain saturated fats might increase the prevalence of complex immunemediated diseases like inflammatory bowel disease in genetically susceptible hosts.
Inflammatory bowel diseases (IBD) and other immune-related human disorders are relatively 'new' diseases in that their incidence has increased considerably over the past half century, matching developments in cultural westernization 1, 3, 4 . The rapidity of these developments are probably not caused by genetic drift, but by exposure to non-genetic factors introduced through changes in the diet and lifestyle of genetically susceptible individuals, triggering aberrant host responses that lead to IBD. In this study, we examine whether certain dietary fats present in Western diets are capable of precipitating colonic inflammation through their actions on the enteric microbiota of genetically susceptible hosts.
The effects of three different diets ( Supplementary Table 1 ) on the enteric microbiota of specific-pathogen-free (SPF) C57BL/6 mice are shown in Fig. 1a and Supplementary Table 2 . With the exception of the low-fat purified mouse diet (LF), the high-fat diets were isocaloric and differed only in the type of dietary fat used, which was held constant at 37% of total calories and closely mimics Western consumption 5 . These fats also represent sources used in numerous processed wadsworthia in Il10 2/2 mice. a-g, Samples from SPF C57BL/6 (a, g) (n 5 6 per group) and SPF Il10 and confectionary foods. Twenty-one-day exposure to the three study diets resulted in significant differences in the structure of the enteric microbiota as assessed by both Sanger-based and 454-based DNA sequencing of 16S ribosomal RNA (rRNA) libraries from caecal contents and stool. Both high-fat diets reduced the richness of the microbiota compared with LF ( Supplementary Fig. 1 ). LF promoted Firmicutes, but also resulted in a lower abundance of most other phyla, whereas polyunsaturated (safflower oil) fat (PUFA) and saturated (milk-derived) fat diets (MF) resulted in a higher abundance of Bacteroidetes and a lower abundance of Firmicutes. Interestingly, these changes differed from those induced by lard-based, saturated fats 6, 7 ( Supplementary Fig. 2 ). Whereas MF and PUFA had similar effects on Bacteroidetes and Firmicutes, a significant bloom of a member of the Deltaproteobacteria, B. wadsworthia, was consistently observed only with MF. B. wadsworthia is a sulphite-reducing, immunogenic microbe that is difficult to detect in healthy individuals, but emerges under pathological conditions such as appendicitis and other intestinal inflammatory disorders [8] [9] [10] [11] [12] [13] [14] [15] [16] . MF did not affect wild-type mice, but increased the onset and incidence of colitis in Il10 2/2 mice, driving it from a spontaneous rate of 25-30% (on LF) to over 60% in a 6-month period (Fig. 1b ). In contrast, the incidence of colitis in Il10 LETTER RESEARCH different than those fed LF. The colitis seen in mice fed MF was also more severe and extensive (Fig. 1c ). These changes paralleled differences in histological colitis scores ( Fig. 1d ). Inflammatory mucosal cytokine levels from the distal colon were significantly raised compared to LF and in most cases, PUFA ( Fig. 1e ). LF, PUFA and MF elicited effects on the total enteric microbiota of Il10 2/2 mice that were similar to those observed in wild-type mice (shown for LF and MF, Fig. 1f ). Similarly, B. wadsworthia, as detected by quantitative polymerase chain reaction (qPCR) of the dissimilatory sulphite reductase A gene unique to sulphite-reducing bacteria of which B. wadsworthia is the most prominent in our model, was found at equal relative abundance in mice on MF, independent of genotype (Fig. 1g ). The bloom of B. wadsworthia induced by MF was also observed in dextran sodium sulphate (DSS)-treated SPF C57BL/6 mice, in which the onset and severity of colitis were more severe than that seen in LF-and PUFA-fed mice ( Supplementary Fig. 3 ). Altogether these observations suggest that the bloom of sulphite-reducing Deltaproteobacteria, particularly B. wadsworthia, is associated with colitis in hosts that are genetically susceptible or have compromised mucosal barrier function.
L a c t o A l i s t
To explore whether a MF diet was necessary for the survival and proliferation of B. wadsworthia, we mono-associated germ-free (GF) Il10 2/2 mice with B. wadsworthia that were consuming either LF, PUFA or MF. Five weeks after gavage, colonization of the colon could only be established in mice fed MF ( Supplementary Fig. 4 , shown for LF and MF), whereas on LF, B. wadsworthia was undetectable. B. wadsworthia identity was confirmed by PCR of the 16S rRNA encoding gene from caecal-derived DNA using universal primers, followed by direct sequencing of the PCR product and cultivation of B. wadsworthia from caecal contents ( Fig. 2a ). Additionally, qPCR analysis of luminal-versus mucosal-associated B. wadsworthia revealed a nearly 45-fold increase in the latter ( Supplementary Fig. 5 ).
MF, in contrast to LF or PUFA, increased the incidence of colitis (Fig. 2b ), although to a lesser extent than that seen in SPF Il10 2/2 mice ( Supplementary Fig. 6a ). Furthermore, increased levels of interferon-c (IFN-c), interleukin-12 p40 subunit (IL-12p40) and interleukin-12 p70 heterodimer (IL-12p70), as well as low or undetectable levels of interleukin-6 (IL-6), IL-17 and IL-23 in the colonic mucosa of these mice, were consistent with the induction of a distinct T H 1 immune response ( Supplementary Fig. 6b ). This was further confirmed by increased CD4 1 IFN-c 1 populations in the mesenteric lymph nodes (MLNs) of mice colonized on MF (Fig. 2c ). These changes were not observed in mice consuming MF in the absence of B. wadsworthia, indicating that the diet itself is not immunogenic. Moreover, when Lactobacillus murinus, which is also promoted by MF, was monoassociated in GF Il10 2/2 mice, no evidence of colitis or immune activation was seen (data not shown). The specificity of the T H 1 response induced by B. wadsworthia was further elucidated by both ex vivo and in vitro challenges of immune cells using pure bacterial lysates from B. wadsworthia, L. murinus and Alistipes, the latter two representing bacteria that were promoted by MF (albeit to a lesser degree, Supplementary Table 2 ). Only lysate from B. wadsworthia elicited an IFN-c response in MLNs harvested from B. wadsworthia monoassociated GF Il10 2/2 mice (Fig. 2d ). The response in Il10 2/2 MLNs was much greater than that in C57BL/6 MLNs, probably due to the absence of IL-10 modulating signals. An in vitro T-cell differentiation assay was then performed in which MLN and splenic dendritic cells were isolated from SPF C57BL/6 mice and stimulated with pure lysates from B. wadsworthia, L. murinus or Alistipes (plus retinoic acid and TGF-b for splenic dendritic cells). Supernatants from these dendritic cells revealed significantly elevated levels of IL-12p40 only in the B. wadsworthia stimulated dendritic cells ( Fig. 2e, left) . When purified, T cells were then incubated for 3 days with dendritic cell supernatants 
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from each respective treatment and analysed for IFN-c and IL-17. MLN and splenic T cells incubated with supernatants from dendritic cells exposed to B. wadsworthia produced nearly twofold higher levels of IFN-c compared to T cells incubated with supernatants of dendritic cells exposed to Alistipes or L. murinus ( Fig. 2e, right) . In accordance with in vivo data, T cells did not produce IL-17. Therefore, B. wadsworthia seems to activate dendritic cells in a way that selectively induces a T H 1-mediated colitis. Of note, the possibility that other B. wadsworthia by-products (for example, H 2 S, secondary bile acids) also stimulate dendritic cells cannot be excluded.
B. wadsworthia flourishes in the presence of taurine-conjugated (TC) bile acid (a property from which it got its name), a rich source of organic sulphur, which is used as the terminal electron acceptor of the electron transport chain resulting in the formation of H 2 S as a byproduct 17 . Because of their hydrophobicity, milk fats will promote increased hepatic taurine conjugation of bile acids, which are more efficient for micelle formation and fat emulsification 18-20, This was confirmed by mass spectrometry measurements of gall bladder aspirates from mice fed LF, PUFA and MF (Fig. 3a) . When 10 7 colony-forming units (c.f.u.) of B. wadsworthia in taurine-free liquid growth media were supplemented with 20 ml of gall bladder aspirates obtained from SPF C57BL/6 mice fed the three test diets (n 5 5 pooled), B. wadsworthia growth was selectively and robustly stimulated only by bile from MF-fed mice (Fig. 3b ). To determine whether the dietary effect was in fact mediated by TC, SPF Il10 2/2 mice were fed LF and gavaged with either TC or glycocholic acid (GC) daily for 3 weeks. This resulted in a bloom of B. wadsworthia with TC ( Fig. 3c) , nearly identical to that which was observed with consumption of MF.
In contrast, GC and phosphate-buffered saline (PBS) had little effect and B. wadsworthia remained undetectable (Fig. 3d ). The bloom of B. wadsworthia observed in TC-gavaged mice was associated with increased incidence and severity of colitis (Fig. 3e, f) . T H 1 cytokines were increased in both the mucosa ( Supplementary Fig. 7) and MLNs (Fig. 3g) . In further support of the role of bile in MF-diet-induced pathogenesis, mono-association with B. wadsworthia can be established in GF Il10 2/2 mice when accompanied by TC administration, but not by GC or PBS (Fig. 4a) , as demonstrated by the re-isolation of B. wadsworthia from the caecal contents of TC-fed mice (note that black colour change indicates H 2 S production, Fig. 4a, left) , and confirmed by colony counts (Fig. 4a, right) . These mice developed colitis ( Fig. 4b and Supplementary Fig. 8a ) and again exhibited elevated T H 1 mucosal responses ( Fig. 4c and Supplementary Fig. 8b ). Together these findings indicate that the bloom of B. wadsworthia promoted by these dietary factors is selectively associated with T H 1 immunity.
We find the dependence of B. wadsworthia on diet-induced taurocholic acid intriguing and possibly representative of how certain gut microbes use bile to their advantage. Bile formation is unique to vertebrates, providing the host with the ability to digest and utilize a far greater variety of dietary substrates. Bile also has potent antimicrobial properties that can contribute to the selection or exclusion of many potential gut microbiota. However, several intestinal pathogens, including protozoa such as Giardia, Microsporidia and Cryptosporidia, and bacteria such as B. wadsworthia, H. hepaticus and Listeria monocytogenes, are not only bile-resistant, but highly favoured in the presence of bile 21, 22 , possibly through suppression of symbiotic, commensal microorganisms, allowing pathobionts and pathogens an opportunity to 
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establish a niche in the intestine. Once established, the by-products of these bacteria, whether H 2 S or secondary bile acids, can serve as gut mucosal 'barrier breakers', allowing for increased immune-cell infiltration and thus acting synergistically with the bacterial antigenspecific immune response to induce tissue damage. In genetically susceptible hosts, this development has the capacity to tip a compensated state of immune balance in favour of chronic disease.
METHODS SUMMARY
Extraction of bacterial DNA, clone library preparation and sequencing were conducted as previously described 23, 24 . Amplicon libraries were also used to target the V3-V4 region of the 16S rRNA encoding gene for deeper sequence surveys of the microbial communities. B. wadsworthia cultures were maintained in liquid and solid growth media as previously described 8 . GF mice were mono-associated by oral gavage with 10 8 c.f.u. at a single time point. Bile acids were orally gavaged at 1 g kg 21 body weight in 100 ml PBS. Innoculation of B. wadsworthia liquid cultures with bile aspirate was performed by collecting gall bladder contents from mice adapted to MF, PUFA or LF and anaerobically adding them to B. wadsworthia in taurine-free media. Optical density (OD) was then measured every hour for 24 h. Re-isolation of B. wadsworthia from host was achieved by streaking 1:10 serial dilutions of 5 g caecal contents on BBE agar plates, which were allowed to grow anaerobically for 4 days. Histological colitis indices were scored blindly as previously described 25 . Mucosal cytokines were measured by ELISA using 50 mg protein derived from scraping the length of the distal colon. Intracellular cytokines were measured in cells isolated from MLNs and stimulated for 3 h with PMA and ionomycin. qPCR used primers donated by J. Tiedje, targeting the dsrA gene. For in vitro immune assays, dendritic cells were isolated from MLNs and spleens of C57BL/6 mice and stimulated with bacteria lysates for 24 h in the presence of retinoic acid and TGF-b (for spleens) and measured for IL-12p40. Supernatants from these cultures were used to challenge naive T cells isolated from MLNs and spleens of C57BL/6 mice for 3 days and measured for IFN-c and IL-17. Statistical analyses were performed using one-way ANOVA with Tukey post-hoc.
